Introduction
Modem technological applications of low-pressure plasmas often demand precise control over plasma parameters in order to optimize various process characteristics. For example, in plasma etching and deposition, independent control of ion and radical fluxes and ion energies is desirable. A promising approach towards achieving increased control is the use of pulsed or otherwise timemodulated plasmas. Pulsed plasmas are now being used to etch semiconductors [l] and to deposit thin films [2, 3] . Improved processing has been achieved, but the temporal behaviour of the plasma, particularly during the development from initial breakdown to the steady state, is not well understood.
In this paper we present measurements of the timedependent ion and electron fluxes to an earthed plate positioned downstream from a Helicon plasma source. A high-density plasma can be created in this type of plasma source by using only weak confining axial magnetic fields (c 100 G) and an external antenna to couple into Helicon waves [4-71. Although the results presented here were taken in a Helicon plasma, they should be applicable to most low-pressure inductively or capacitively coupled pulsed plasma systems.
The experimental apparatus
The experimental apparatus is shown schematically in An RF generatohmplifier set connected to the matching network supplied 250 W power at t3.56 MHz and had a rise/fall time of 1 ps into a load of 50 Q. The RF power was measured by a Bird power meter capable of measuring both peak and RMS values, and the peak RF voltage on the antenna was measured to be 1500 V using a high-impedance probe and an oscilloscope. An inline power sampler provided fast time-resolved measurement of the RF waveform. Argon gas was fed through a mass flow controller and the neutral species pressure was maintained at 0.5 mTorr.
An earthed aluminium plate was positioned 30 cm below the exit of the source tube and a four-grid retarding field energy analyser (RFEA) with an e n m c e diameter of 1 cm was incorporated within the plate on the source axis and directed at the source. The first grid of the analyser remained earthed, the second grid was biased positive when measuring electrons (to remove the ions) and the reverse for ion measurements, the third grid served as a swept energy discriminator and the fourth grid was used to minimize the effect of secondary electron emission from the collector. The analyser had an energy resolution of better than 5 V. With constant potentials applied to the grids, a time resolution better than 100 ns could be achieved, estimated from the RF modulation of the electron current in the steady state. A boxcar integrator with an intemal amplifier and sampling times between 200 ns and 1 ps was used te merrure the ion ~d elecson cl?rrents. 9.e samp!e Breakdown in a pulsed Helicon plasma The method of collecting energy distributions from separate measuremenb made with fixed bias settings makes great demands on pulse stability. Repetition under selected experimental conditions showed that the pulses were indeed extremely stable, with distributions collected on different days showing no significant differences. We attribute this reproducibility to the cleanliness of the vacuum system and the use of argon gas, so that wall conditions remained stable during the experiments. The low average power in the pulsed discharge also minimized temperature changes in the source.
The details of the ion and electron currents' timedependences were found to be sensitive to the time between pulses. In this work, we are primarily interested in the development of breakdown from an effectively neutral gas a," J" L U G UG'*J "rlwrr,, pu,>c> W a a 1I1auT >W,,,~LGUL,J '"U& for the effect of residual charge left from the decay of the previous plasma pulse to have no measurable effect on the breakdown characteristics. Pulse lengths of 10 ms with a duty cycle of 10% were used. However, .qualitatively similar behaviour was observed for 10 ms pulses even with a duty cycle of 50%. 
The initial electron pulse
A general description of the breakdown has been given in a previous publication [7] . The time evolution of the electron current is shown in figure 2.
Three traces are shown: the first traceis the modulation envelope of the RF signal on the antenna, the second trace (figure 2(n)) shows the total electron current measured by the RFEA With zero bias on the discriminator, and the third trace (figure 2(6)) shows only electrons of energy E =-20 eV. An initial pulse of high-energy electrons can be clearly seen. It is initiated approximately 9 ps after the RF generator has been pulsed on when the RF voltage on the antenna is at its maximum value and is about 1 g s wide. Subsequently, the current slowly increases and comes to a steady state ,after about .50 ps, By carefully adjusting the boxcar, the distribution in energy of the electrons in the initial pulse was measured and is shown in figure 3 . Although there is some scatter in the data, the average energy is 200 f 50 eV with the highest energy electrons being detected at 1500 eV (equivalent to the peak RF voltage). The scatter is caused by the energy of the electrons changing during the 500 ns sampiing penod and by small fluctuations in the triggering of the boxcar sweep. The density of electrons in the pulse is difficult to determine but from figure 2 an order of magnitude estimate can be obtained. Since the RFEA measures the current of dl electrons with energy greater than the retarding potential, for figure 2(0), the height of the initial pulse is about one third of the steady state level and given that the plasma density and electron temperature in the steady state are IOL0 and 8 eV respectively, and the initial pulse temperature is 200 eV, the equality of the fluxes implies that the electron density in the pulse is over an order of magnitude less, about 5 x 10' C I I -~. Since the electrons are confined by the axial magnetic field, the plasma volume can be estimated from the source diameter (20 cm) and the 0 500 1000 1500
Bias (Volts) Figure 3 . The electron energy distribution measured by the analyser at 10 ps, taken in the 1 ps wide initial electron pulse.
distance between the top plate and the analyser (SO cm) to be 25 1. Hence, the total number of electrons created during the initial pulse is about 1.25 x loi3. This is far too many to be explained by simple breakdown and ionization, so another phenomenon must be responsible.
The multipactor effect
The explanation of the fast rise in electron density is provided by the multipactor effect, which has been known for many years to be responsible for breakdown in RF discharges at low pressure 19-131. Detailed measurements in low-pressure plasmas in which the electron mean free path (A.) is greater than the system dimensions have been reported [I41 and are in very good agreement with theory. A general description of this RF breakdown has been given by Blevin [I51 and is reviewed briefly below.
!E a sI!np!e system ronshng of a vaclrllum vessel z.d two electrodes with an RF field applied between them, A. is greater than the electrode separation (d) if pd 5 lo-* Torr cm, where p is the pressure. At low frequency (and in DC discharges) breakdown does not occur since collisions are so rare that gas ionization can be neglected and any initial electrons present are removed to the electrodes by the electric field. However, at high frequency, the electrons can move in resonance with the field between the electrodes (or walls in our electrodeless discharge) and, with the correct phase for them to be accelerated to the opposite wall and produce further secondary electrons. The breakdown voltage is independent of the nature and pressure of the gas and is determined by the electrode material since the secondary electron yield y has to exceed unity for multiplication to occur. The primary electron energy at which y exceeds unity is material-dependent 1161. Two conditions must be satisfied for electron multiplication to occur: Under these cond$ions ,and for typical laboratory experiments, only 100 V RF is required to induce breakdown, whereas for DC breakdown many thousands of volts are required. For the frequency used in this experiment (13.56 MHz) a multiplication occurs every 37 ns and a very fast build-up of charge occurs. The resulting dense cloud of oscillating, energetic electrons can cause sufficient ionization that rapid breakdown of the background gas occurs.
The amplitude of undamped motion for an electron in a sinusoidal field is given by
Integrating once gives the arrival velocity at the opposite where mle is the electron mass-to-charge ratio, E the electric field, o the frequency, U@ the initial velocity and 0 the time phase angle with respect to the RF field at which electrons are emitted. The arrival velocity must be greater than that required to give sufficient secondary emission (y 2 1). For glass this is about 50 eV.
If the ratio of electron arrival velocity U to electron emission velocity ug is assumed constant at breakdown were used to obtain the values of k, @e and (the phase above which the secondary electrons do not reach the other electrode but rather are reflected by the RF field).
Including the electron arrival energy at the electrode eWf = mv:/2 (Wf is the arrival energy for which the effective secondary emission ratio y = 1) results in [14] which is a factor of two less than the approximation obtained earlier.
The electron density is given by N j V , where the effective volume ( V ) is 2.5 x lo4 cm3:
Assuming a multiplication factor of y = 2, the multipactor effect will produce this number of electrons in a little less than 1.5 ps, in quite good agreement with the experimental measurements. Decreasing the multiplication factor to y = 1.5 only increases this time by 1 p. At this density, the penetration depth for the RF field into the electron gas is given by S = c / o p % 30 cm, where wpe is the electron plasma frequency and c the velocity of light. As the electron path length between the source and the chamber bottom is 50-80 cm, the shielding effect of the electron cloud will decrease the RF field by an order of magnitude along the electron trajectory and induce dephasing, and the multipactor effect will progressively diminish. outgassing which results in a reduced secondary electron yield.
For the experiment described in this paper, f = 13.56 MHz, the peak RF voltage is about 1.5 kV and the distance that an electron must travel along a magnetic field line from one wall to another is between 50 and 80 cm which is just inside the closed curve for the 1f2 cycle in figure 4. For lower RF voltages, the discharge will be difficult to start, which phenomenon is often observed in this type of experiment. We note that when the RF is first switched on, an over voltage occurs naturally since the RF matching circuit's Q-factor is high, with very little power dissipation occurring. This initially results in a higher voltage on the antenna (as can be seen in the RF envelope in figure 2 ) followed by the initial electron pulse which occurs at the maximum value of the W voltage and a Qfactor decrease as power dissipation in the plasma increases. Because the burst of electrons was measured on axis in the discharge chamber, the maximum energy of the electrons in figure 3 correlates well with the peak RF voltage on the antenna.
Energy limits to the multipactor effect
The maximum number of electrons which can be created in a given time can be estimated from the energy available from the RF generator (250 W continuous) which for 1 j i s is 2.5 x lo4 J. Hence the total number of electrons which Since the gas pressure in the system is 05 mTorr, ionization will occur concurrently with the multipactor effect. A simple estimate of the ionization rate R can be obtained from
where ne is the density of electrons, U, their velocity, no the background gas density, U the ionization cross section (3 x cm' ) and Ei the ionization energy (15.76 V).
Using values of ne(2.5 x IO8) and C (200 eV) for the initial pulse maximum, this yields
which is very large. This occurs because the electron temperature is much greater than the ionization energy, and the exponential factor becomes unity instead of as it would be in most low-pressure steady state plasmas. It would therefore seem reasonable to assume that, after electrons will be so high that a charged particle density of 108-109 cm-3 can easily be obtained. The evolution of the charge neutrality of the developing discharge in the first 1 ps is not clear; however, it is probably maintained by cold electrons created by ionization being lost at the same rate as that at which the multipactor effect generates hot electrons.
For these conditions, the Debye length hd = ue/op is 0.6 cm which is much less than any system dimension 537 ps or so, ionim~on by Iil.&ipdcior crea.e6
and so the plasma is fully formed and a sheath will exist between the plasma and the walls. This sheath will dramatically reduce the eIectron loss and will severely reduce the multipactor effect. Hence the plasma potential c h be estimated to be v ---ln 1 kT, ( : ) That is, a large proportion of the energy available from the RF generator in this time (2.5 x lo4 J) has gone to charging the sheaths.
Approach to steady state
The subsequent evolution of the plasma density, electron temperature and potential is shown in figure 5 . For the first created by the sheaths separating the plasma from the walls, suppresses the electron cunent to the analyser, making measurements of the parameters' distribution difficult. There is evidence that the few electrons which escape come from the tail of a very hot distribution, with somewhat lower average energy in comparison with the initial electron pulse. During the initial electron pulse, the ions are created 'cold' and the only ions which can escape are those next to the sheaths. While these ions are lost, a pre-sheath starts to propagate into the plasma, creating a field sufficient to accelerate the ions to the speed of sound and hence to maintain a positive sheath. After this period, the electron temperature decreases from around 20 eV at 20 ps to its steady state value of 8 eV at 30 ps and the plasma potential (determined from the maximum energy of ions reaching the analyser) decreases from about 200 V at 20 ps to 50 V with a time constant of 20 ps. The plasma density increases rapidly, saturates 25 ps after the electron burst and then approaches equilibrium with a time constant of about 20 ps. Assuming that the plasma potential is dropped across the sheath at the waiis and that the ions move across the magnetic field lines to the wall with the velocity of sound, an ion created in the centre will take approximately 10-20 ps to arrive at the source walls. It is this flux of positive charge leaving the plasma which discharges the high plasma potential at a similar rate.
It should be noted that the high plasma potential will not only accelerate ions to the walls but also serves to confine the bulk of the electrons. The energetic trapped electrons will continue to ionize the background gas, contributing to the rapid rise in the plasma density. The energy input to the electrons from the RF fields by this stage is being transferred to the sheath by electrons which escape and, in the process of climbing the sheath potential barrier, give up part of their kinetic energy to charge the sheath capacitance.
The equilibrium plasma density is given by the power balance between RF power injected and power lost by ions carrying the ionization energy falling through the sheath potential. The power lost by excitation is of the same order as the power lost to ionization which is small compared to the power taken by ions falling through the sheath in the first few tens of microseconds of the discharge. This can be simply calculated by assuming a plasma cylinder 20 cm in diameter and 80 cm long with ions falling through the sheath potential (V,) carrying the ionization energy (Ei) to the total wall area A. Since power in equals power out, we have 250 W = Aneu(VP -t Ei)
which is in good agreement with the Langmuir probe measurements ( figure 5 ). While the plasma density is still increasing fiom f = 20 to r = 35 p, the reasonably constant ratio (6-8) between the plasma potential and the electron temperature suggests that stable sheaths have already formed. Once again, on applying the power balance equation, it is easily shown using the results for the plasma densities and potentials in plasma at 20 ps as in the steady state. The evolution of the plasma during the first 10 ps after the initial electron pulse is difficult to estimate using these order-of-magnitude arguments, since the ions are only just starting to move out of the plasma under the influence of the growing ambipolar field. However, if the power law fit to the electron temperature from 10 10 20 f i s in figure 5 is applied to the plasma potential (for which no measurements for times less than 20 ps are possible due to the extremely and hence Time (ms) Figure 5 . Plasma density (a), electron temperature (b) and plasma potential (c) as functions of time after the initial electron pulse (at 10 ws). The full lines in (a) and (b) are straight-line fits to the data. In (c), the full line has the same slope as in (b), which suggests that the plasma potential could be 1000 V during the initial electron pulse.
small ion current) a value of V, = lo00 V is obtained for the initial pulse. It is interesting to note that, from the power balance at the peak of the initial pulse, using this plasma potential (1000 V), we obtain a density of around IO8 ~m -~, which is close to that deduced earlier.
A simple extrapolation of the. density variation with time back to 10 ps in figure 5 also suggests a density of around lo8
Although the sheath thickness early in the breakdown is only a few millimetres, the skin depth for the RF in the source is around 10 cm, which means that the plasma potential will be oscillating at the RF frequency with an amplitude of some hundreds of volts in the centre of the source. This RF fluctuation in the plasma is the power source for heating the electrons and, as the density increases, the skin depth will decrease, the RF fluctuation level will decrease and the electron temperature will fall. Hence it is reasonable to assume that the initial burst of fast electrons, generated by the multipactor effect, creates a quasi-stable plasma in the first microsecond or so. The subsequent evolution of the plasma is determined by electron heating produced by RF fields from the antenna penetrating into the plasma. The approach to equilibrium is governed by the ion loss rate and the reduction in the RF field penetration as the density increases.
It is well known that this type of plasma excited by an external antenna undergoes a sudden change of mode at densities around 5 x 10" with the coupling changing from capacitive with a high plasma potential to inductive with a low plasma potential containing an RF component of less than a few volts [7] . Exploratory measurements made at higher power showed that the initial development from breakdown to the steady state becomes more complex when the steady state coupling is inductive. The initial fast electron pulse and density rise is followed by another sharp density rise and corresponding drop in plasma potential when the plasma switches from capacitive coupling to inductive coupling during the development to the steady state. As expected, this mode change occurs at a time when a critical density is reached during the plasma build-up. It thus appears that capacitive coupling is always important in the formative phase of inductive plasmas.
Conclusion
Experimental results have shown that a plasma is created in a time of the order of 1 ps, which is consistent with the mnltipactor effect in an externally RF excited pulsed plasma system. The first 50 ps of the pulse is characterized by plasma potentials of hundreds of volts and a rapid rise and saturation of the plasma density. During this period, ions are accelerated by the sheath and bombard the walls of the vacuum vessel with average energies two to three times higher than the steady state value and with a flux only a few times smaller than the steady state flux (the energy flux, however, remains the same as in the steady state). The use of pulsed plasmas will therefore have major implications for surface processes which depend on ion energy, such as sputtering and ion-enhanced etching and deposition. The simple expedient of pulsing the plasma at about 10 kHz and varying the pulse length and the duty cycle can afford extra control over the relative importance of ion energy and flux. Recent measurements of ion energy distributions from pulsed plasmas [I71 validate the practicality of this approach. For molecular gases. the very high electron energies attained during the breakdown phase may also provide additional control over dissociation and thus the radical densities.
